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OVERVIEW
MODULE EIGHT

INDUCTION

In this module you will delve more deeply into electromagnetic

induction, learning about its effects, and how it is used to

advantage in electrical circuits. You will learn of the physical

coriponents, called inductors, designed to take advantage of the

phenomenon of electromagnetic induction.

For you to more easily learn the above, this module has been

divided into the following four lessons:

Lesson I. Electromagnetism

Lesson II. Inductors and Flux Density

Lesson III. Inducing Voltage

Lesson IV. Inductance and Induction

TURN TO THE FOLLOWING PAGE AND BEGIN LESSON I.
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Overview Eight-I

OVERVIEW

LESSON I

Electromagnetism

In this lesson you will study and learn about the following:

-reviewing your power supply

-magnetic fields around a straight

conductor

-left-hand rule for conductors

- magnetic field around a loop

-magnetic field around a coil

-lines of flux around a coil

-left-hand rule for coils

- applications of electromagnetism

-the electric bell

- the relay

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

11.



Study Resources Eight-I

LIST OF STUDY RESOURCES

LESSON i

Electroma9netism

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the following:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

AUDIO-VISUAL:

Sound/Slide Presentation - "Lenz's Law."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

5
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NARRATIVE
LESSON I

Electromagnetism

Reviewing Your Power Supply

Place the power supply you constructed at the beginning of
this course in front of you. Let's briefly recap some of the
things you have learned about the power supply:

1. It is a series-parallel circuit.
2. Alternating current is coming into the circuit l'rom an

outside source.
3. The purpose of the power supply is to convert AC into

DC and provide the appropriate voltages for loads.
4. A lamp and four resistors of certain ohmic values

are some of the components of the power supply.
5. The amount of resistance in the circuit limits the

amount of current flow in the power supply.

There are several other items in your power supply, however, that
you still cannot identify. In this lesson, you will begin to learn
about one of these unfamiliar components, the inductor. It is a

basic component and makes possible many of the electronic devices
which people take for granted.

Look at your power supply and find the component that is
connected between terminals T2 and T3. It looks like this:

This is called an inductor, a choke, or a coil. On the inside of
this inductor there is a coil of wire wrapped around an iron
core. To understand what an inductor does in the circuit, we
need first to talk about electromagnetism.
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Magnetic Fields Around a Straight Conductor

Any time current passes through a conductor, it creates a magnetic
field around the conductor. In other words, when current begins
to flow through a straight piece of wire, magnetic lines of flux
originate at the center of the wire and spread out, passing through
the insulation of the conductor and establishing a magnetic field
around the wire. This wire then becomes a small magnet which we

call an electromagnet.

These flux lines form a circular pattern around the conductor
at right angles to the wire. The direction in which the flux

lines circle the conductor is
determined by the direction of

)

current flow through the conductor.

Left-hand Rule for Conductors

We can determine the direction of the flux lines by using the
left-hand rule for conductors. The left-hand rule for conductors

says that if you grasp the conductor in your left hand, with your
thumb pointing in the direction ;A which electron current is flow-
ing through the conductor, your fingers around the conductor will
point in the direction that the flux lines are circling.

ELECTRON FLOW Look at this illustration. Recall

1" that electrOn current flows through
a conductor from negative to positive.
The thumb points in the direction of
current flow. The fingers then in-

+ dicate the direction in which the
magnetic lines circle the conductor.

FLUX LINES

In these illustrations, by using

the left-hand rule for conductors,

determine the direction of the flux

lines; draw arrows to indicate.
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Answers:

Magnetic Field Around a Lop

We said that a conductor with current passing through it is a small
electromagnet. If we want to make the conductor a stronger magnet,
we can bend the straight wire into a loop, such as the one below.

111.111b

ELECTRON FLOW

This brings the lines of flux closer
together. Thus we have increased the
flux density and we have a stronger
magnet.

By using the left-hand rule for con-
ductors, we can determine the direction
in which the flux lines circle, as
shown in the illustration by arrows.

In this illustration, determine the direction
of the flux lines and draw arrows to indicate.

Check to see if youvere correct:

4
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Magnetic Field Around a Coil

Eight-I

We said that we can produce a stronger electromagnet by bending
a straight piece of conductor into a loop, and this increases the
flux density by drawing the flux lines closer together.

To make an even stronger electromagnet we can wrap our straight
conductor around and around into a coil like this: _prim_ .

When we coil a piece of wire, we are creating many loops, so that
flux lines from many of the loops interact, thus increasing flux
density and increasing the strength of the magnet.

Lines of Flux Around a Coil

This illustrates an electromagnet that is a coil of conductor wrapped
around a core. As current flows through the coiled conductor from
negative to positive, the magnetic lines of force surrounding each

loop extend themselves to provide a

(-

single magnetic field around the coil.

You are already familiar with flux lines that make these patterns

around a magnet. Recall that the lines of flux leave the north end

of the magnet, circle the magnet and enter the south end of the

magnet. The lines of flux go through the core material from S

to N.

Left-Hand Rule for Coils

When you know the direction of current flow through a coil, you

can determine the polarity of the magnet - which end is N and which

is S -- by using the left-hand rule for coils.

This will be especially meaningful to you in A School when polarity

of an electromagnet is important to proper motor function.

The left-hand rule for coils states that if you wrap the fingers

of your left hand around the coil so that the fingers poilt in the

direction of current flow, the thumb will point to the North end

of the magnet. This is illustrated here. Observe the fingers are
circling under and in back of the coil

because the current enters the conductor
at the negative end of the wire, and then,

in this case, goes up the back side of

the coil and down the front side.

9



Narrative Eight-I

If, instead, the conductor were placed around the core as shown
below, your fingers would wrap around the top of the coil and
your thumb would be pointing this way< , indicating the
N pole.

7-711717 _

Using the left-hand rule for coils, determine the polarity
of these electromagnets. Write N and S at appropriate
end of the magents.

(a) crET/Trq (b) (AW-rp

On coil (a), N is at the right end of the magnet.
On coil (b), N is at the left end of the magnet.

Some Applications of Electromagnetism

Electromagnetism is a concept basic to the understanding of
induction, but it also explains how some common electrical
devices work. We will briefly explain the role of electro-
magnets in two applications -- the relay, and the electric bell.

Relay

One application of an electromagnet is the relay. A relay is

commonly used to control a high-voltage circuit without coming
into physical contact with it.

The following schematic illustrates an application of a relay.
You can see there is a capability here of lighting DS1.

10

220 VAC
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If switch 1 in the ow-voltage circuit on Page 10 is closed,
current flows from the battery through the coil. The magnetic
lines of flux around the electromagnet draw the soft iron of
the armature toward the coil. This pulls the arm down causing

the high-voltage circuit to be energized, lighting the lamp DS1.

Electric Bell

The electric bell is one of the most common devices employing

the electromagnet. A simple electric bell is shown below. Its

operation is explained as follows:

SCREW CONTACT
SOFT IRON ARMATURE

SPRING HAMMER

1. When the switch (SW1) is closed, current flows from the
negative terminal of the battery, through the contact
points, the spring, the two coils, and back to the positive

terminal of the battery.

Trace the path of current through the illustration by

following the arrows.

2. The cores are magnetized, and the soft-iron armature

is pulled down, thus causing the hammer to strike the

bell.

3. At the instant the armature is pulled down, the contact is

broken, and the electromagnet loses its magnetism. The

spring pulls the armature up so that contact is re-established,

and the operation is repeated. The speed with which the

hammer is moved up and dowo depends on the stiffness of

the spring and the weight of the moving parts.

11



Narrative Eight-I

As you go through A School, you will learn many applications for
electromagnets. In the next lesson, you will concentrate On other
applications of coils.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY
OF THE OTHER RESOURCES LISPED. IF YOU TAKE THE PROGRESS CHECK AND
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE
QUESTIONS CORRECTLY.

12



P.I. Eight-I

PROGRAMMED INSTRUCTION

LESSON I

Electromagnetism

TEST FRAMES ARE 12, 24, AND 35. AS BEFORE, GO FIRST TO FRAME 12 AND SEE

IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS GIVEN

AFTER THE TEST FRAME.

There are several components in your power supply whose functions

you don't know. The one we will study in this lesson is the inductor.

To understand its function in a circuit, we must know about electro-

magnetism.

1. Anytime current flows through a conductor, there is a
magnetic field set up around the conductor. Therefore,

electromagnetism is magnetism produced by

(current)
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2. Below is a picture showing a demonstration of the relationship
between current and its magnetic field.

IRON FILINGS

HEAVY COPPER
WIRE

The pattern formed is a series of around the wire.

(loops, rings, or circles)

3. LINES OF FORCE (FWX)

a0P1.41.

BATTERY

CURRENT FLOVV

.GLASS

If we were to construct a simple circuit, as shown above, a
field would form around the conductor.

(Note lines of force traveling in a clockwise direction.)

(magnetic)
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BEST COPY AVAILARIF

4. However, if we were to reverse the current flow, as shown below,
the lines of force would be in the
counterclockwise.

Eight-I

BATTERY

CURRENT FLOW

direction or

LINES OF FORCE (FWX)

4--

GLASS

(opposite)

5.
FLOW

IRON FILINGS

LINES OF FORCE

SIDE"A'

BATTERY

-)11/

CONDUCTOR (WIRE)

SIDE"B"

GLASS

In the illustration above, the lines of force on side A are traveling
in a clockwise direction, but the lines of force on side B are travel-
ing in a direction.

(counterclockwise)

is
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6. At this time, we need to introduce a couple of symbols used for
current flow in future explanations.

0 CURRENT 0 CURRENT

FLOW OUT FLOW IN

(Go to next frame)

7, The magnetic field around a wire has no north or south pole; however,
this field does have direction. Below are two diagrams showing the
direction of this magnetic field.

DOT

The diagram with the dot in the center represents current flowing
the page.

---Tout of)

8. The left-hand rule for conductors is used to determine the

direction of the magnetic lines of force around a conductor
carrying a current, providing current direction is known. By

the application of the left-hand rule, it is possible to de-

termine the of the lines of

(direction, magnetic, force/flux)

16
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9. The left-hand rule for a conductor is as follows: POINT THE THUMB

OF YOUR LEFT HAND IN THE DIRECTION OF CURREN; FLOW; YOUR FINGERS
CURVE IN THE DIRECTION OF THE LINES OF FLUX.

To determine the direction of lines of flux around a conductor, you
use your hand.

'eft)

10. To indicate the direction of current flow in a conductor, arrows

are generally used. However, in some cases it is necessary to use

symbols: (+) or (-). Current always flows from negative (-) to

positive (+). In the illustration below, indicate with an arrow

the direction of current travel.

11. In the following sketch, mark the direction of current flow and

lines of force with arrows.

0
OEM
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12. Now let's have a brief review of the material covered up to this
point. Complete the following self-test.

a. Write the definition of electromagnetism.

b. In the following sketch, indicate by arrows the direction of
the lines of force.

CURRENT

c. In the following sketch, indicate by an arrow the direction
of current flow.

d. In the following sketch, indicate by arrows the direction of
current flow and lines of force.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

16
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13.

ANSWERS TEST FRAME 12

a. Magnetism created by current flow through a conductor
is electromagnetism. (See frame 1.)

b.

c.

d.

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, Y011 MAY GO ON TO TEST

FRAME 24. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 12 AGAIN.

A

B

The magnetic field around a straight
conductor has little value. It has

direction, but no north or south pole.
It has force, but this force is re-
latively weak.

(Go to tile next frame.)

15:
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14. If a straiqnt, current-carrying conductor is formed into a loop,
north and south poles are crated. This loop has all the
characteristics of a magnet, but the field is still weak.

,

cT

(../J17)

To create a north and south pole using a conductor, you form
the conductor into a

15. Now, by forming several loops of wire (which has current
flowing through it), we make a stronger magnetic field. These
loops form a coil. The area inside the coil is called the core.
The core material is generally air or soft iron.

a. In order for the flux lines of each loop to add to the
flux lines of the next loop, the loop currents must flow
in the direction.

b. Several loops of wire formed into a spiral is called a

57 same; b. coil)

20



P.I. Eight-I

16. To determine the north pole of any coil, we use the left-hand rule.
The left-hand rule for coils is as follows: GRASP THE COIL IN
YOUR LEFT HAND SO THAT YOUR FINGERS
POINT IN THE DIRECTION OF CURRENT
FLOW AROUND THE COIL; YOUR THUMB POINTS
TO THE NORTH POLE. To determine the north
pole of any coil, you use your
hand.

Cleft)

17. To determine the north and south poles of a coil, you
must know the direction of
This is the -hand rule for a

(current flow; left)

18. Label the south pole in the illustration below.

CURRENT

LEFT HAND

( S )

19. When using the left-hand rule for coils, your fingers point
in the direction of current flow

(through the coil)

21
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20.

By grasping the coil in your left hand so that your fingers point in
the direction of current flow, your points to the
north pole.

(thumb)

21. In this diagram, the arrows indicate the direction of current flow
in the coil. Indicate with an N or S the pole in question.I

Cs)

22. To find the N-S polarity of .6 coil, you must know (1) the end
of the coil that current enters and (2) the direction in which the
coil is wound. By knowing these two things, you are able to point
your fingers in the direction of the
through the windings of the coil.

With the fingers pointing in the direction of current flow around
the coil, the thumb points to the of the

coil.

(current flow; north pole)

22
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23. Select the correct magnetic polarity of the pole in question.

(s)

24. Is the pole marked with a question mark a North or South Pole?

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)

23
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25. We have talked about the

Now, let's discuss two types of coils often used in electrical

coils

circuits.

SEQUENCE BEFORE TAKING TEST FRAME 24 AGAIN.

FRAME 35. OTHERWISE, GO BACK TO FRAME 13 AND TAKE THE PROGRAMMED

(left)

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, YOU MAY GO ON TO TEST

_____-

the solenoid.

iiIs
PinANSWER

- TES

The solenoid is a coil of wire with a movable iron core. When

electromagnet (coil), the flux lines are concentrated through
an iron cylinder is placed near one end of an energized

the iron. The cylinder is attracted by the magnet (see figure

de-energized

' .4-):..!2

North

cod

TEST

BEST AVAILABLE

the coil when it is de-energized (see

_:::::)

A) and is virtually sucked into the

attached to one end of this movable iron
center of the coil. When a spring is

core, the core (plunger) is pulled out of

-hand rules for conductors and

Eight-I

energized

movement that we can use. The fact

figure B). We now have a mechanical

that the movable iron core centers

as solenoid action.
itself in an energized coil is known

A

sprits
umui

24



P.I. Eight-I

26. The solenoid generally has a core.

(movable iron)

27. If nothing stops its movement, the iron core moves to the
of the energized coil.

(center)

28. A coil with a nK!aule iron core is called a

(solenoid)

29. A device used in electrical equipment to remotely control high-
power circuits is the relay. The relay uses an electromagnet or
solenoid in its operation. The electromagnet or solenoid in a
relay is used to open and close electrical contacts without physical
contact. The relay coil has its own low-power circuit, separated
from the circuit it is controlling.

The starting switch ih your automobile is an example of a relay at
work. Let's look at a drawing of a typical auto starting circuit.

(Go to next frame.)

25



P.I. Eight-I

30.

IGNITION SWITCH

MOVABLE IRON CORE

ELECTRO

MAGNET,---
OR

SOLINOID

STARTER
MOTOR

ELECTRICAL
CONTACTS

-42.4244,gg-ISPRING

12 VOLT,..--)"
BATTERY

The high current contacts are connected in series with the starting
motor. A separate circuit of small wire is routed through an on/off
'switch on the dash, and then to the solenoid near the starting motor.
When the ignition switch is closed, the solenoid energizes. The

plunger is pulled into the coil, thus closing the contacts. This

causes the starter motor to turn.

Using this solenoid relay, only small wire need be routed from the

relay to the dash board. The heavy, high-current-carrying wire

is kept as as pubsible, and provides a method for energizing

the high power circuit without physical contact.

MIIIMINIMMMN
(short)

NOTE: This is safer and minimizes the 1

2
R loss.

26
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31. Instead of solenoids, smaller relays generally use a fixed core

eleLtromagnet in their operation. The door bell is an example

of this.

SW 1

SCREW CONTACT
SOFT IRON ARMATURE

,--0 HAMMER

----TGo to next frame.)

32. Before we conclude this lesson, let's discuss a question often
asked by students: Why do we use a relay instead of a regular

switch?

One major use of the relay is the remote control of electrical

and electronic circuits. Circuits may be energized from one

or more stations simply by closing a switch. This means a

relay can eliminate the necessity of running heavy power

cables to various control points.

So, the first use of the relay is the

electrical circuits.

of

(remote control)
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33. Another major use of the relay is the removal of safety hazards.
High-voltage equipment can be turned on or off by a relay. A

separate 19w-voltage supply and switch are used by the operator
to energize the relay.

So, the second main use of the relay is the removal of
to the operator from high-voltage equipment.

(safety hazards)

34. Turning on the ship's radar, for example, utilizes both uses
of the relay. The operator has
of the radar's circuits and he is removed from the safety hazards
of the radar's

remote control, electrical circuits)

35. State in your own words, the primary purpose or purposes for using
a relay.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

28
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ANSWERS TEST FRAME 35

1. Remote control of circuits without the necessity
of running great lengths of high-current wiring.

2. Decrease safety hazards involved in physically
controlling high-power circuits.

(Or, words to this effect)

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 25 AND TAKE

THE PROGRAMMED SEQUENCE.

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, GO ON TO

THE NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU
WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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SUMMARY

LESSON I

Electromagnetism

An important electronic component is the inductor, or choke; it

is a coil which is often wrapped around an iron core. To under-

stand the inductor, we must first review the principles of electro-

magnetism.

1. A conductor carrying current is encompassed by a magnetic field
having direction, but no north or south pole. As always, the
lines of the magnetic field form closed loops.

2. By using your left hand, the direction of this field can be
determined. Similarly, knowing the field's direction, the
direction of current flow can be determined. If your left

thumb points in the direction of the electron current flow,
the curling left fingers show the magnetic field direction.

3. Forming the conductor into a loop creates a stronger magnetic
field and a definite north and south pole.

4. Using the left hand, you can again determine the north pole
and the direction of current flow in the coil. If your

fingers circle in the direction of electron current flow,
your thumb indicates the north pole and its energizing

magnetic field.

Review in the narrative some of the applications of electromagnetism
such as the electric bell and relay circuits.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY

STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.

IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR-

RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF

INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.

30
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OVERVIEW

LESSON II

Inductors and F'ux Density

In this lesson you will study and learn about the following:

-iron-core inductors

air-core inductors

factors that affect flux density

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.



Study Resources Eight-II

LIST OF STUDY RESOURCES

LESSON II

Inductors and Flux Density

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the follow-

ing:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

NAVPERS 93400A-la "Basic Electricity, Direct Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

33
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NARRATIVE
LESSON II

Inductors and Flux Density

In this lesson we will learn about two basic kinds of inductors
and the factors that determine the capability of a coil to perform
its function.

Iron-Core Inductors

Inductors are classified according to core type. The core is
the center of the inductor just as the core of an apple is the
center of an apple. The inductor is made by wrapping a coil
of wire (conductor) around a core. The core material is

normally one of two basic types: soft iron or air. The inductor
in your power supply has an iron core.

An iron-core inductor is schematically represented by a coil
with lines across the top of it to indicate the presence of an
iron core:

Air-Core Inductors

The air-core inductor may be nothing more than a coil of con-
ductor, but it is usually a coil formed around a hollow shape
of some non-magnetic material such as cardboard. This material
serves no purpose other than to hold the shape of the coil.

This is an illustration of an air-core inductor:

The schematic symbol for an air-core inductor is a coil without
bars across the top:

-Miff In-

Draw the correct schematic symbol for
the inductor in your power supply.

111151M-

The type of core material used in an inductor is important because
it affects the strength of the magnetic fic:Id around the coil. We

are talking now about flux density which, .you recall, refers to
the number of flux lines in a given area. The greater the flux
density, the stronger the magnetic field.

34
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Factors That Affect Flux Density

We will first discuss four factors that directly affect flux

density. (A fifth factor affects the flux density inversely.)

1. Permeability refers to the ease with which magnetic flux
lines pass through a material. Flux lines move more easily

through materials with high permeability. Flux lines pass

more easily through iron than they do through air; therefore,

an iron-core has much higher permeability than an air-core.

The term that means the opposite of permeability is

reluctance. The reluctance of a material is the opposition
which the material offers to the passing of flux lines
through it. A high-reluctance material, therefore, has

low permeability. Flux lines have more difficulty
passing through air than through almost any other material,

so we can say that air has high reluctance and low

permeability. On the other hand, iron has high permeability

and low reluctance.

Match:

1. has greater permeability

2. has greater reluctance

a. \...Q1,QL

b. ULM)

Your answers should be:

1. b

2. a

The higher the permeability of the core,. the greater the

flux density.

2. The number of turns of conductor in the coil affects flux
density in the core. When there are more turns closer

together, the flux density is greater.

3. The Cross-Sectional Area of the Core also affects flux

density. If the diameter or cross-sectional area of the

core (for a given coil) is increased, more flux lines

can pass through the material. In figures A and B we

have two cores of equal length, of identical material, and

with the same number of turns of conductor. The only
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A

difference between these two
coils is that the core of coil
B has a larger cross-sectional
area. Flux density will be
greater around coil B than
around coil A.

4, The Amount of Current through the coil affects flux density.
The greater the amount of current, the greater the flux
density.

If you increase any of the four factors we have mentioned --
permeability of the core, the number of turns of the conductor,
the cross-sectional area of the core, or the amount of current
through the coil -- flux density increases. If any of these
factors decreases, flux density decreases.

One other factor affects flux density, and that is the length
of the core. Just as a long piece of wire offers more re-
sistance to current flow than a short piece, a long core offers
more reluctance to the passing flux lines through the core.
So if you insert a longer core in a coil, flux density decreases.

If you shorten the core, keeping all turns around
it, will flux density increase or decrease?

Answer: It will increase.

Summary. These five factors affect flux density and the cap-
ability of an inductor:

1. Permeability of core
2. Number of turns of conductor

3. Cross-sectional area of core
4. Amount of current through the

coil

5. Length of core

Increasing these
increases flux
density.

Increasing length decreases
flux density.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY
ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK
AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF

NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON II

Inductors and Flux Density

TEST FRAMES ARE 10 AND 17. AS BEFORE, GO FIRST TO TEST FRAME 10

AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE

DIRECTIONS GIVEN AFTER THE TEST FRAME.

In this lesson you will learn about factors that determine the
characteristics of inductors.

1. There are two types of inductors; they are distinguished by
their type of core.

How is the type of inductor determined?

----7core material)

2. The first one to be discussed is the air -core inductor. It is

shown schematically as: -ljusju_ OR ..rnifTp_

And it appears something like this:

What type material is used for the core of the inductor shown below?

-1,11191./-

(air)

3. An air-core inductor (-U11/11J) is normally found in circuits

operating at high frequencies radio, TV, etc.

For radio-frequency application an air-core inductor
normally be used. would/

would not

(would)
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4, The second type inductor is the iron-core inductor. It is

schematically shown as
rY1f1r1

The parallel lines

denote the iron core. The inductor in your power supply is

of this type, and is connected between terminals T2 and T3.

Match the drawing to the description.

1. air-core inductor

2. iron-core inductor A

3. schematic drawing of iron core

schematic drawing of air core daub

(1. c; 2. a; 3. d; 4. b)

5. The purpose of the iron core is to concentrate the magnetic flux
lines, thus strengthening the flux field.

The iron-core inductor has a stronger than

an air-:ore due to the type core material it has.

magnetic field)
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6. The ease with which a material passes lines of flux is called

permeability. Air is the reference material with a permeability

of 1.

An inductor with an core is used as a reference and

has a permeability of 1.

(a i r)

7. Soft iron passes flux lines more readily than air; it has a much

higher permeability than air.' Different types of iron have different
degrees of permeability.

Which of the following core materials would have the stronget,i
magnetic field fora given coil?

a. soft iron
b. air

(a) soft iron

8. Reluctance is the reverse of permeability and is a measure of

the opposition a material offers to flux lines.

Soft iron has a high permeability and a reluctance.

( 1 ow)

9. Reluctance is comparable to resistance. Both are a form of

opposition.

Air offers maximum opposition to flux lines. Air is said to have

a high

(reluctance)
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10. Match the drawings to the statements.

1. has greater permeability

2. has greater reluctance

3. has less permeability

4. has less reluctance

Eight-II

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 10

I. b

2. a

3. a

4. b

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO TEST

FRAME 17. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED

SEQUENCE BEFORE TAKING TEST FRAME 10 AGAIN.

11. Flux density is a measure of flux lines per unit area. Magnetic

field strength is directly proportional to flux density.

An iron-core inductor will have a flux density and

a stronger magnetic field than an air-core.

(greater)

12. Permeability, flux density, and magnetic field strength are

related. A change in the permeability of the core material

will cause a directly proportional change in flux density, thus

causing a directly proportional change to the magnetic field

strength.

If an increase in flux density increases the magnetic field,

increasing permeability will _the magnetic field.

(increase)
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13. If the number of turns of wire on a coil are increased, the flux
density of the coil will increase.

Which of the coils drawn below will have the greatest flux
density?

A B

(b)

14. Another factor pertaining to flux density is the cross-sectional
area of the core material. The greater the cross-sectional area
of the core material for a given coil, the lower the reluctance
and the more lines of flux per unit area.

Which of the drawings below will have the greatest flux density?

a. b.

(a)

15. The last of the four major factors affecting flux density is current
flow. The higher the current flow in a coil the greater the number
of individual lines of flux around each turn of the conductor,
so the greater the total flux density.

List the four factors that have a direct effect on the flux density

of a coil. (Any order.)

a.

b.

c.

d.

(number of turns of the coil; permeability of the core; cross-section
of the core; amount of current flow in the coil)
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16. If the cross-sectional area of the core is increased, flux
density increases; however, if the length of the core is
increased, flux density decreases.

Flux density is proportional to core length.

directly/inversely

inversely)

17. List the five factors that affect flux density in an inductor.

Directly Proportional

a.

b.

c,

d..

Inversely Proportional

e.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT

ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

43



P.I. Eight-II

ANSWERS - TEST FRAME 17

Directly Proportional: (may be in _Ltar order)

a. permeability of core

b. number of turns

c. cross-section of core

d. current flow through the coil

Inversely Proportional:

e. length of core

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 11 AND

TAKE THE PROGRAMMED SEQUENCE.

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, GO ON TO THE
NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL
YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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SUMMARY
LESSON II

Inductors and Flux Density

We have seen in Lesson I that the inductor or coil produces a
magnetic field via electromagnetism. Since we already have
characterized a magnetic field by the important variable charac-
teristic of flux density, we should investigate the major factors
of an inductor which influence the flux density. There are five:

1. Permeability of the core material is the ease with which the
magnetic flux passes through any material. Flux lines pass
quite readily through iron, compared to air. Therefore, an

iron core has a much greater permeability than an air-core
inductor. (The opposite of permeability is reluctance which
is a sort of magnetic resistance. A high-reluctance material

has low permeability.)

2. The number of turns of the conductor in the coil has already
been seen to directly affect the flux density in the core.
As more turns are added to a coil the flux density increases.

3. The cross-sectional area of the core affects the flux
density. If the diameter or cross-sectional area of the

core (for a given coil) is increased, more flux can pass
through the material.

4. The amount of current through the coil directly affects flux
density. The greater the amount of current, the greater the
flux density.

5. The length of the core affects flux density. Just as a long

piece of wire offers more resistance to current flow than a
short piece, a long core offers more reluctance to the passing
of flux lines through the core than a short one. Therefore,

this is an inverse factor. If we shorten the core, keeping
the same number of turns around it, the flux density increases.

Keep in mind, as always, the amount of flux density determines the
r6agnetic field strength.

There are two commonly used kinds of inductors: the air-core and the

iron-core. Other types of inductors will be covered in detail later

in the course.
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AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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OVERVIEW

LESSON III

Inducing Voltage

In this lesson you will study and learn about the following:

-inducing voltage in a conductor

-relative motion within a conductor

-inducing an EMF

-choking current flow

-sustaining current

-inducing a voltage in a second circuit

-flux lines in induced circuit

-Lenz's Law

-change is vital to induction

-use of AC sources

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

48



Study Resources Eight-III

LIST OF STUDY RESOURCES

LESSON III

Inducing Voltage

To learn the material in this lesson, you have the option of choosing,

accordinij to your experience and preferences, any or all of the follow-

ing:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-la "Basic Electricity, Direct Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

AUDIO/VISUAL:

Sound/Slide Presentation: "Lenz's Law"

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.
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NARRATIVE
LESSON III

Inducing Voltage

In this lesson we will review the factors affecting the generation
of an EMF and investigate the effect of this within a circuit.

Reviewing Generation of EMF

Recall from Module Two (Voltage), Lesson III (Electromagnetic
Induction) that three factors are required to induce an EMF
into a conductor. These are:

1. a magnetic field.
2. a conductor.
3. relative motion between the conductor and the field

so that the flux lines are cut by the conductor.
Remember, it doesn't matter which moves, the field
or the conductor, so long as the relative motion
exists.

With these three factors present, voltage is induced into the
conductor.

We also learned that the amount (magnitude) of the voltage in-
duced depends upon the rate of speed with which the magnetic lines
of flux are cut. The greater the rate of speed, the more EMF in-
duced.

This is stated in Faraday's Law as: The EMF induced or generated
in a conductor is in direct proportion to the rate at which the
conductor cuts the magnetic lines of flux.

Inducing Voltage in a Conductor

You learned in the first lesson of this module that when current
passes through a conductor, magnetic lines of flux build up around
the conductor.

We can assume, then, that when the current flows in the circuit
illustrated below, a magnetic field is created around the conductor.

11111111111111A

4110 4111P

41110
41110

a.
4100

4OW
1110

°PI
so
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Let's enlarge a section of the conductor and take a look at what

is happening. We see the circuit with an enlarged section of
conductor with flux lines around it.

Recalling that three factors are
necessary to induce a voltage - a
magnetic field, a conductor, and
relative motion'- we know that we have
already satisfied two of these con-
ditions.

Which of the three factors is missing?

.1111.1.MIMP

If you said relative motion between the field and the conductor,
you are correct. Although it may not be obvious, relative motion
is often present in this situation. Let's see how.

Relative Motion Within a Conductor

With the switch open, there is no current flow in the circuit and
therefore no magnetic field around the conductor. Let's close the

switch. What happens? (1) Current starts to flow. (2) The

magnetic field is created around the conductor.

In this illustration, we are looking at the enlarged section of a
conductor from the end. The dot in the center indicates the current

is flowing toward us.

The lines of flux will build from the center of the conductor as
the current begins to flow

If we look at the conductor in sections now, we can see that there
is relative motion between the field and the conductor.
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As the field builds from the center
outward, the conductor seems to move
in the opposite direction as indicated
by the arrow for the right half of the
conductor.

The left half appears to travel in the opposite direction in re-
lation to the movement of the field. Any section of the conductor
can be seen in the same way. It appears to move in the direction
opposite to that of the field.

This, then, fulfills the third requirement for inducing a voltage,
relative motion.

Inducing an EMF

Since we have the three factors necessary for inducing a voltage, we
can assume that a voltage is being induced in a conductor which begins
to carry a current.

By the left-hand rule for generators, determine the, polarity
of the induced voltage.

Recall: Thumb indicates direction of
conductor motion; first finger in-
dicates direction of flux lines;
second finger indicates negative
end of induced EMF.

You should have determined polarity of induced EMF as shown:

Note that the section of conductor you
MOTION look at makes no difference in the

FLUX polarity of the induced EMF. Suppose

you look at the back side of the con-
ductor. You will have this:

EMF MOTION FLUX

EMF

The negative end still is the

bottom.
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Choking Current Flow

Eight-111

Remember we have current flow in our circuit from the negative terminal

of the source.

The induced EMF is attempting to cause
current flow in the opposite direction,
as shown by the arrow. This is counter
to the actual flow of current caused
by the source, so we call the induced
EMF a counter EMF or CAMF.

The CEMF obviously opposes the source and attempts to hold back, or
choke, the current from the source. The CEMF is almost equal to

the source voltage and results in the current's being reduced
briefly. Think about this: Why would conservation of energy
be violated if the induced EMF resulted in more current flow?

When the circuit current reaches its maximum steady value,
will there be a CEMF in the conductor?

No! We lose the requirement of relative motion because the field

is in a fixed position around the conductor.

Sustaining Current

Since current has been flowing for a while, let's see what happens

when we open the switch. (1) Current stops. (2) The magnetic

field collapses.

Now with a field collapsing, it is

moving in toward the center of the
conductor, once again causing the con-
ductor to appear to move in the
opposite direction. Half A appears

to move to the right and half B
to the left.
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Again, we have relative motion and again we have an induced EMF.

By applying the left-hand rule for generators, determine
the polarity of the induced EMF. (The field is collapsing.)

Once again, it doesn't matter which segment of the conductor we
are considering; the induced EMF will be as indicated by the
(+) and (-) signs.

0.4h

Now, instead of opposing the source and moving electrons in the
opposite direction, the induced EMF is attempting to keep the
current flowing in the circuit. Although continued current flow
is not possible in an open circuit, the EMF will push electrons
in that direction until the field fully collapses.

Inducing a Voltage in a Second Circuit

If we take the original circuit with the enlarged section of
conductor and place close to it another circuit with an enlarged
section of conductor (but without a source) and close switch SW1,
we have something like this:

CIRCUIT A

S1
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Now the magnetic lines of flux caused by the current flowing in
Circuit A cut the conductor of Circuit B. Once again, the en-
larged section of conductor in Circuit B appears to move to the

left, and we have all three requirements for inducing a voltage:
(1) magnetic field, (2) conductor, and (3) relative motion.

We have a voltage induced in Circuit B, whose polarity can
be determined by the left-hand rule for generators.

RELATIVE MOTION
The induced voltage acts as a source;
thus, the current in Circuit B flows
down from the enlarged conductor.

FLUX
EMF

Flux Lines in Induced Circuit

Since we have established that current will flow in Circuit
B, will there be any magnetic flux lines around the conductor
of Circuit B?

Yes! Any current-carrying conductor has magnetic lines of flux
around it and perpendicular (at right angles) to it.

Let's again turn our enlarged conductor sections on end and take

a look:

CIRCUIT A CIRCUIT B
f

(The X in Circuit B indicates

1

\ current is flowing away from us.)

\\
---

Now, remembering that the current in Circuit B is caused by the
field around Circuit A, consider the effect of the field around

Circuit B. By the left-hand rule we can determine that the field
around Circuit B will induce a voltage in Circuit B which will at-
tempt to cause current to flow in the opposite direction, thus re-
ducing current and the effect of the field around Circuit A.

Lenz's Law

This effect has been stated in Lenz's Law as: The direction of

an induced EMF is such that it tends to set a. a current flow

55



Narrative Eight-Ill

whose magnetic field always opposes a change in the field caused
la the original current.

This rule is used to explain what happens in transformer action
which we will cover more thoroughly in Module Ten.

What will be the direction of current flow in Circuit B
when SW1 is opened after current has reached a maximum
steady value?

Naturally, it is going to reverse; all conditions are the same except
the direction of relative motion,

Change is Vital to Induction

Notice that Circuit A has a DC source - a battery. The amount of cur-
rent in the circuit will be determined by the amount of resistance
in the conductor and the internal resistance.

In this circuit, current will have a constant value except for the
instant the circuit is energized and the instant it is de-energized.
Thus, the only time a magnetic field will be moving, so that rei2tive
motion exists between the field and the conductor, will be when the
circuit is energized and de-energized.

We can see, then, that there must be a change in current flow
to have a moving magnetic field, and without a moving field,
(no relative motion) no induced EMF.

AC Sources

We know that AC current fluctuates constantly like this:(\

\....11'\\....1/

If we replaced the battery with an AC source, we would have a con-
tinuously changing current, thus continuously inducing an EMF.

change in current will cause an EMF to be induced.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF
THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER
ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY
METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS
CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON III

Inducing Voltage

TEST FRAMES ARE 13, 18, 20, AND 28. AS BEFORE, GO FIRST TO TEST FRAME
13 AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE

DIRECTIONS GIVEN AFTER THE TEST FRAME.

1. Recall from Module Two, that there are three factors required to
generate an EMF by magnetic induction.

They are: 1.

2.

3.

(1. conductor; 2. magnetic field; 3. relative motion between

the conductor and field in such a manner that the conductor cuts
the lines of flux)

2. Let's see how a voltage may be induced into a current-carrying
conductor.

Recall that current flowing through a conductor sets up a
around the conductor and at right angles to it.

(magnetic Held)
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3. Use arrows to show the direction of the magnetic field around the
expanded section of wire. (Hint: Remember the left-hand rule
for conductors.)

EXPANDED SECTION
OF CONDUCTOR

4. The magnetic field around a
of the conductor and passes
outward.

conductor originates at the center
through the conductor as it expands
Here we see the end of a conductor
with current flowing through it.
The dot in the center indicates
the current is flowing toward us
(out of the paper.) Indicate by
arrows the direction of lines of
flux around the conductor.
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5. As the circuit below is energized, are the flux lines expanding
or collapsing?

(expanding)

6. Since the field is expanding outward from the center, you can say
the conductor's motion relative to the magnetic field is

outward/inward

(inward)

7. Due to the field's expanding through the culductor, a motion is

established between the conductor and the field.

Relative motion exists in a current-carrying conductor because
of the:

a. physical nature of the conductor.
b. collapsing of the conductor.
c. expanding of the field.

(c) expanding of the field
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8. To determine the direction of the induced EMF, let's look at a
small section of the conductor. (Note: The X in the center of
the conductor represents current flow into the page.)

A B

Assume the magnetic flux is expanding and apply the left-hand rule
for generators to determine the polarity of the EMF induced into
side B of the conductor. State the polarity of the induced voltage
on the end of the:conductor toward you.

Recall: thumb direction of motion; first finger
direction of flux; second finger direction of induced EMF

(negative)

9. Now, look at side A of the same conductor.

FLUX

A j B

Indicate the direction of induced electron movement in side A.
(X into the page, . out of the page)
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10. Let's split the same conductor-a different way.

/

FWX

--+

Indicate the direction of electron flow for each half.

A
&OM

/

11. You can see that no matter which point around the conductor
you check, the induced EMF is always in the same direction.

Label the expanded conductor in the schematic below to indicate
the polarity of the induced EMF the instant the switch is closed.

v,.
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12. You can also see that the induced EMF is attempting to cause
current to flow in the direction opposite to the direction of
current flow caused by the source.

We call the induced EMF a counter EMF because it
the source.

(opposes)

13. Label the expanded conductor to indicate polarity of induced EMF

the instant the switch is closed.

I

What happens to the induced EMF in this circuit after the current
has reached a steady.flow and the magnetic field is no longer
increasing?

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS TEST FRAME 13

There is no induced EMF. We no

longer have relative motion be-

tween the field and the conductor.

(or words to that eP act)

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO

TEST FRAME 18. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 13 AGAIN.

14. In the circuit illustrated below, assume current has reached a
steady flow and the magnetic field is steady.

Now if we open the switch, what happens?

(1) Current attempts to stop.

).

(2) The magnetic field starts to

rcollapse.

With the field collapsing, do we have all the requirements for in-

ducing a voltage?

(yes)
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15. With the field collapsiog, it is moving in toward the center
of the conductor:

DIRECTION OF FIELD MOTION

11,

FLUX

DIRECTION OF FIELD MOTION

Applying the left-hand rule for generators again, determine the
polarity of the induced EMF of the end of the conductor at which
you are looking.

(negative)

16. Back to the circuit again.

T

Okay, we have opened the switch,

the field is collapsing, and the in-

duced EMF is as indicated.

As you can see, the induced EMF caused by the collapsing field
tends to cause current to flow in the direction
of the original circuit current. same/opposite

same

17. Whereas the expanding magnetic field opposes the starting of current
and attempts to stop it, the collapsing field opposes the stopping
of current and attempts to it.

(sustain)
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18. Indicate on the schematic below the polarity of the induced
EMF the instant the switch is opened.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT

ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWER TEST FRAME 18

.\

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, YOU MAY GO ON TO TEST
FRAME 20. OTHERWISE, GO BACK TO FRAME 14 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 18 AGAIN.

19. Up to this point we have been talking about inducing a voltage
into the conductor that is carrying the current.

Let's place anothe'r circuit beside the first circuit, again with
the expanded sections of conductor, and see what happens.

13

When the switch in circuit A is closed, the magnetic field be-
yins to expand as shown. As the field expands, it cuts not only
the conductor of circuit A, but also the conductor of circuit B.
Is there a voltage induced in the conductor of circuit B.

(yes)
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20. Label the expanded conductor in Circuit B to indicate the polarity
of the induced EMF the instant the switch is closed in Circuit A.
Indicate by an arrow the direction current will flow through the
ammeter in Circuit B.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWER - TEST FRAME 20

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, YOU MAY GO TO TEST
FRAME 28. OTHERWISE, GO BACK TO FRAME 19 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 20 AGAIN.

21. Since we have established that current flows in the second
circuit, is there a magnetic field around the conductor of
circuit B?

(yes. Remember - any current carrying conductor has a magnetic
field around it.)

22. To see the effect of this field, let's turn both conductors on
end again.

I

Circuit A Circuit B

Using the left-hand rule for generators, determine and state the
polarity, at the end of the conduior at which you are looking,
of the counter EMF induced in circuit B by the current flowing
in circuit B.

(negativer
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23. With this polarity, it is obvious that the counter EMF attempts to
cause current to flow in the opposite direction to that of
the original current. We can say, then, that this counter-EMF
reduces the effect of the field of circuit A.

The self-induced counter-EMF of circuit B the effect

of the magnetic field of circuit A.

A

aids/opposes

(opposes)

24. This concept is best stated in the form of a rule called Lenz's
Law. It states: The direction of an induced EMF is such that

it TENDS to set la a current flow whose magnetic field ALWAYS
opposes a change in the field caused by the original current.

What will be the direction of current flow in circuit B when the

switch in circuit A is opened?

You had to stop and think on this one. The current is go ng to

reverse and it will be flowing as shown.)
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25. You have probably noticed that in our explanations we have been
using a DC source, but you have also noticed that the only time
a voltage is induced is when current is either starting or
stopping.

Considering this, we can say that for a voltage to be induced
in a current carrying conductor, there must be a
in current flow.

(change)

26. What type of current is continuously changing?

(alternating current)

27. Using alternating current provides us with the necessary change
of current flow to provide a continuously induced voltage. We

will see more about how we make use of this phenomenon in later
lessons and modules.

(Go to next frame)
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28. Answer these items as a review of the information learned in

this lesson.

a. List three factors necessary to generate an EMF in a conductor.

1.

2.

3.

b. Since a magnetic field expands around a current carrying con-

ductor as current to flow, the three requirements

for inducing a voltage are satisfied.

c. As current starts to flow in a conductor, the CEMF tends to
the starting current.

d. The CEMF in the conductor is of the polarity to

the EMF that caused current flow.
e. Opening the circuit stops the current. The action of the

magnetic field around the coil attempts to

the current.

f. An EMF can be induced into a second conductor or circuit by

the field that expands or collapses around the

conductor of another.circuit.

g. Lenz's Law states: The direction of an induced EMF is

such that it tends to set up a current flow whose magnetic

field always a change in the field

caused by the original current.

(THIS IS A TEST FRAME. COMPAF' YOUR ANSWERS WITH THE CORRECT

ANSWERS GIVEN ON THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 28

a. 1-conductor, 2-magnetic field, 3-relative motion

b. starts

c. oppose

d. opposite

e. sustain

f. magnetic

g. opposes

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 21 AND TAKE .

THE PROGRAMMED SEQUENCE.

IF YOUR ANSWERS ARE CORRECT, YOU MOP -TAKE THE PROGRESS CHECK, OR
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, GO ON TO
THE NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH.
UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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SUMMARY

LESSON III

Inducing Voltage

In our study of electromagnetic induction (Module Two, Lesson III),

we learned that a magnetic field, a conductor, and relative motion
between them so that flux lines are cut by the conductor will induce
a voltage in the conductor. The greater the rate of change of the flux

as seen by the conductor, the larger the value of EMF induced. Faraday's

Law states: The EMF induced or generated in a conductor is in direct

proportion to the rate at which the conductor cuts the lines of

magnetic flux.

We have also seen (via electromagnetism) that when current starts to
flow in a conductor, a magnetic field is formed around it. If we

look at an enlarged cross-section of a wire, we see that as current
begins to flow, circular lines of flux build up and expand outward
from the center of the wire; thus, there is the relative motion between
the conductor and its internal field. Therefore, we can assume that

a voltage is induced in a conductor which begins to carry a current.
We can determine the polarity of the induced voltage by using the
left-hand rule for generators. Since the law of conservation of

energy holds, the induced EMF is a counter EMF or CEMF.

It tends to cause current to flow in a direction opposing the actual

current flow. As the current is building up, the CEMF tends to hold
back or choke the current from the source. Note that when the current

finally reaches its maximum steady value, there is no CEMF induced,

since there is no longer any relative motion between the field and

the conductor.

Let us now examine what happens after we open a switch in our circuit.

Current stops, and the magnetic field collapses.

The same action occurs as the field collapses. Once again there is

relative motion between internal portions of the conductor and the

field, and an induced EMF appears, as determined by the left-hand

rule for generators. IN this case, instead of tending to oppose the

source voltage, it aids the original EMF polarity and attempts to

keep current flowing in the circuit. Although continued current flow

is not possible in an open circuit, the EMF pushes in that direction

until the magnetic field is fully collapsed.

Inducing a Voltage in a Second Circuit

Suppose we take the original circuit with the enlarged section

of conductor, and place it near another circuit with an enlarged
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section of conductor but withcut a source as shown below:

CIRCUIT A

---.
CIRCUIT B

cb+

SW 1

If we close SW1, the magnetic lines of flux caused by the current
flowing in Circuit A cut the conductor of Circuit B. Once again,
we can apply our left-hand rule for generators to the enlarged portion
of the conductor and determine the polarity of the voltage induced
in Circuit B. This analysis indicates that a counterclockwise
flow of electron current in Circuit B exists. Does this agree
with the law of conservation of energy?

The effect can be summarized in Lenz's Law which states: The
directkm of an induced EMF is such that it tends to set is a

current flow whose magnetic field always opposes a change in
the field caused la the original current.

W671- will be the direction of current flow in Circuit B when SW1
is opened after current has reached a maximum steady value?

Note thatthat a change in current flow, e.g., zero to a maximum (steady
DC level) or the reverse, is necessary to have an induced voltage.

Since AC current is always changing, replacing the battery of Circuit
A with an alternator would induce a continuous voltage in Circuit B.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS
CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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OVERVIEW

LESSON IV

Inductance and Induction

In this lesson you will study and learn about the following:

-inductance and its unit of measurement

-practical solutions

-factors that affect inductance

- induction

-factors affecting induction

-mutual inductance

- mutual induction

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.
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LIST OF STUDY RESOURCES

LESSON IV

Inductance and Induction

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the follow-

ing:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.
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NARRATIVE

LESSON IV

Inductance and Induction

In thit lesson we will attach names and units to the concepts you
have already learned.

Inductance

We learned in Lesson III of this module that when a current
starts or stops flowing in a conductor or coil, there is an
EMF induced. We further learned that as current is rising, the
induced EMF opposes the source (tries to stop the current), and
as current is decreasing, the induced EMF aids the source (tries
to keep the current flowing).

Does a conductor or an inductor have the ability to oppose a
change in current even though no current is flowing in the

conductor?

Certainly! Just as you have the ability to work even while you
lre sleeping, so does a conductor or inductor have the ability to
oppose a change in current even though a current is not flowing.
This ability_, then, is a physical property or a built-in character -
istic the conductor or coil.

This ability or physical property has been named inductance. More

precisely, inductance is the physical property of an e ectrical
circuit that opposes a change in current flow.

With your power supply unplugged, does the choke have
inductance?

Choke, of course, is another name for the inductor or coil, and
it too has inductance even in a de-energized circuit.

Have you ever used a wheelbarrow? Remember how hard it was to get

it started when it was loaded? It was hard to stop once you got
it rolling, too, wasn't it? Just remember that inductance has

that same effect on current. It opposes the current when it is

increasing, and aids or tries to sustain current when it is

decreasing.
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Unit of Measurement

Does a coil have the same amount of inductance as a
straight conductor?

No Of course not! So, if all conductors or inductors do not
have the same amount of inductance, we must have some way of

measuring this ability.

The unit of measurement for inductance is the henry. A conductor

or -coil is said to have 1 henry of inLuctance if 1 volt is induced

into the conductor or coil when the current changes at the rate

of 1 ampere per second.

The symbol for inductance is L, and the abbreviation for henry

is h. We can state, then, that the coil has an inductance of 1

henry or L = lh. Frequently we will be dealing with components
whose inductance values are much less than 1 henry. We will use

the millihenry (mh) or the microhenry (1,h) where applicable.

(Remember, milli means 1/1,000 and micro means 1/1,000,000.)

Solving for L

Just as resistors, inductors may be connected in either

series or parallel.

Parallel

Series

To solve for total inductance in a circuit, you use the same

rules you learned for resistance, namely:

1. Inductance is additive in series.

2. Inductance in parallel may be found by any of

three methods:
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a. any number of inductors of equal value:

(inductance of one inductor)
L
T

=
n

b. two inductors of unequal value:

Ll x L2
L =
T LI + L2

c. any number of inductors:

L
T 1 1 1 1

+ + +
LI L2 L3 L

n

1

Find L
T

in this circuit.

2: 5h

Since it is a series circuit, we find L.T. by simple addition:

L
T

= Ll + L2 = 10h + 5h = 15h.

Let's try this one. L
T

=

L2

5h

Since this one is a parallel network, we find the equivalent
inductance by either the product-over-the-sum or the sum-of-

the-reciprocals method.
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LI x L2 10h x 5h 50

"T LI + L2 10h + 5h 15
L
T

= 3.33h

or

Eight-IV

LT

1 1 1 1 10

1 1

+L2
I 1 2` 3 3 3.33h

L1 10 +5 10+ 10 10

Solve these circuits for L
T.

2.

3.

L2

Smh 10mh 0.1mh

L2

10h

L3

0.04h

L

LT=

LT=

Your answers should agree with these:

1. 15.1mh

2. 5h

3. 5mh

Factors.That Affect Inductance

Since inductance is physical property, it should be safe to

assume that any factors affecting inductance must also be physical

factors.
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Does the amount of current flow affect the inductance of
a coil?

No! Certainly not! Remember we decided the ability (inductance)
existed without current flow. Then current flow must not affect
the amount of the inductance.

In an earlier lesson, we discussed factors that affect flux
density of the magnetic field of a coil. These same factors,
except current, affect the inductance. They are:

1. The number of turns of the coil. The greater the
number of turns, the greater the amount of inductance.
A coil, then, has more inductance than a straight wire.

Ll L2L2

L2, having more turns, has more inductance than Ll.

2. Cross-sectional area of the core. The greater the cross-
sectional area, .the greater the amount of inductance.

Which inductor has the greateinductance?

L2

Answer: L2

3. Permeability of the core. The greater the permeability
of the core mat.trial, the more inductance.

Which inductor has the greater inductance?

Ll L2

Answer: Ll because it has an iron core which has a higher
permeability than air.
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4. Len2th of the core. The longer the core, the less the

amount of inductance. Notice that this is an inverse

relationship.

5. Coil turns spacing. The closer the turns, the greater

the amount of inductance.

Induction

While inductance is a physical property, induction is the action
of inducing a voltage within a conductor or coil. Inductance

does not require current flow, while induction does require
current flow. We must have the action of the electrons within
the conductor to have a magnetic field, and a magnetic
field is one of the requirements for inducing a voltage. We

must further have the action of the conductor's being cut by

the magnetic lines o flux, and this cutting action is obtained

only when the current is changing in some way.

Induction, then, is the action of inducing a voltage when current

is changing in a circuit. The induced voltage, as previously

stated, is called counter EMF and abbreviated CEMF.

Factors Affecting Induction

The factors which affect the amount of induction are the same

factors that affect flux density, and therefore are the same

factors which affect inductance plus a change in current. Again,

they are:

1. the number of turns in the coil

2. the cross-sectional area of the core

3. the permeability of the core material

4. the length of the core

5. coil turns spacing
6. the rate of change in current flow

Note that in the factors affecting flux density, we simply said

the amount of current, whereas here we said the amount of change

of current. What we mean here is: If, for a given inductor, we

have a rate of change of current of 1 ampere per second (current

increases or decreases 1 ampere in 1 second) and we induce 1 volt,

then a rate of change of 2 amperes per second would induce 2 volts.

We increase the amount of induction -- not the amount of inductance.

Mutual Inductance

When two coils are physically positioned so that the lines of flux

of one can cut the turns of the second coil in such a manner as

to induce a voltage, they exhibit mutual inductance. All this really

means is that the lines of flux from each coil can act upon the
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turns of the other coil to induce a voltage.

These coils exhibit the

physical property of

mutual inductance.

B

Eight-IV

These two coils are positioned

in such a manner that the lines

of flux of one cannot induce a

voltage into the other; there-

fore, they do not exhibit

mutual inductance.

While the symbol for inductance is L, the symbol for mutual inductance
is M. Both L and M, are measured in henrys..

The amount of mutual inductance of two coils is affected by their
proximity (how close they are). This determines what percentage of
the flux lines of one coil cut the turns of the other coil, and this
percentage is called the coefficient of coupling. The greater the coef-
ficient of coupling, the greater the amount of mutual inductance for a
given pai'r of coils. The maximum coefficient of coupling is 1,

which means that 100% of the lines of flux of one coil cut all
the turns of the other coil.

A

Assuming the coils are identical in each case, which pair
has the greater mutual inductance?

Pair A. The coils are closer together, thus having a greater
coefficient of coupling.
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Mutual Induction

Recall that induction was the action of inducing a voltage. Then

mutual induction must also be action. And it is; it is the

action of transferring energy from one electrically isolated cir-

cuit to another.

Mutual induction, like induction, is dependent upon the e),istance

of a changing current flow. Without the motion, there is no

induced voltage and no energy transfer.

Mutual induction is the action which takes place in transformers,

which you will study in Module Ten.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY

OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND

ANSWER ALL OF THE QUESTIONS CORRECTLY, YOU HAVE MASTERED THE MATERIAL

AND ARE READY TO TAKE THE MODULE TEST. SEE YOUR LEARNING SUPERVISOR.

IF YOU DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF

YOU MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION

YOU WISH UNTIL YOU HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS

CORRECTLY, THEN SEE YOUR LEARNING SUPERVISOR AND ASK TO TAKE THE

MODULE TEST.
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PROGRAMMED INSTRUCTION
LESSON IV

Inductance and Induction

TEST FRAMES ARE 7, 18, 23, 34, 37, 47, 50 AND 51. AS BEFORE, GO
FIRST TO TEST FRAME 7 AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS
THERE. FOLLOW THE DIRECTIONS GIVEN AFTER THE TEST FRAME.

1. Have you ever pushed a piano? Pianos are hard to start, but once
they are in motion, they move easily. In fact, once a piano
is moving, it is hard to stop. You use more energy to start a
piano moving than you use to keep it moving. You also need more
energy to stop a piano once it is moving than you need to keep
it moving. The need for this extra energy is to overcome inertia.
What is inertia? A body at rest tends to remain at rest; a body
in motion tends to stay in motion.

Electrical circuits have a property which is very similar to
inertia. Inertia is the property of an object to oppose any
change in its direction of motion. Some electrical circuits
have a property which opposes change in current. If current
in a circuit increases, a force in that circuit opposes the in-
crease. If current in a circuit decreases, a force in that cir-
cuit opposes the decrease. The property of a circuit that opposes
any change of current in that circuit is called inductance.

Inductance is the property of a circuit that opposes any
of

(change; current
-111111111.111111Y.
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2. As the current flow through a conductor increases or decreases
in value, the magnetic field about that conductor is expanding

or collapsing. The changing magnetic field causes a self-induced

voltage known as counter EMF (CEMF). The counter EMF opposes

the applied voltage, thus opposing the change in circuit

(current)

3. Lenz's Law states:

The voltage induced in a circuit a changing current always

opposes the change causing it. This statement is the basis for

the explanation of the property of

(inductance)

4. The voltage induced in a circuit by a changing current which
opposes the applied voltage is called

(counter EMF)

5. Inductance is the
of

of a circuit that opposes any

( property; change; current

The voltage induced in a circuit by a changing current always

opposes the change causing it.

This is a statement of

(Lenz's Lav)
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7. .Which.of the following statements best states Lenz's Law?

a. The voltage induced in a circuit by a changing current
always opposes the change causing it.

b. The inductor-Ice in a circuit always opposes the change
causing it.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)

88



P.I. Eight-IV

ANSWER - TEST FRAME 7

a. The voltage induced in a circuit by a changing current

always opposes the change causing it.

(F YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO TEST FRAME 18.

OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 7 AGAIN.

8. The property of a circuit that opposes any change of current in

that circuit is called inductance. What property of a circuit would

oppose a change of current within a circuit from 4 amps to 2 amps?

(inductance)

9. The voltage induced by a changing current in a circuit opposes

the applied voltage. This induced voltage is known as

(counter EMF)

10. Inductance is the measure of a circuit's ability to induce

voltage in itself. The amplitude of induced voltage depends

upon the amount of magnetic lines which link or cut portions

of that circuit. The symbol for inductance is L (for Linkage).

The symbol representing the measure of a circuit's ability to

induce a voltage is

(L)
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11. Inductance (L) is measured in henrys. The abbreviation for
1 henry is h. When a change of current of 1 ampere per
second induces a voltage of 1 volt, we have 1 henry of
inductance. Inductance (0 is measured in
which is abbreviated

(henrys; h)

12. Frequently, very small values of inductance are used. Using
the prefixes you have previously learned, write the abbreviations
for 1/1,000 of 1 henry , and 1/1,000,000 of 1

henry

(1mh; 1A)

13. The property of a circuit that opposes any change of current
flowing in that circuit is known as

(inductance)

14. The symbol for inductance is
measurement for inductance is the
abbreviated

; the unit of
, which is

(L; henry; h)
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15. In circuits having more than one inductor, we must Ebie

or parallel

able to compute total inductance.

Inductors may be connected in either series 1 0 0 I

AC power source and switch.
Draw a circuit of three inductors connected in series with an
AC

SI

91

I I 1 0

Lg
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L1

configurations.

ght-IV



P.I. Eight-IV

16. Draw a circuit with three inductors in parallel with an AC

power source and switch.

\
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17. When you solve for total inductance in a circuit, you use the
same rules that apply to finding total resistance in a circuit.
Series circuit: R

T
= RI + R2 + R3; Parallel Circuit:

1RT_
1 1 1

+
R1 R2

+
Rn

For example, series inductance requires the same formula as
series resistance except for the symbol: LT = LI + L2 + L3.

L3

What is the total inductance of the following circuit?

LT =

L3 : 25h

12:17h

(LT = 60h)

93



P.I. Eight-IV

18. Solve for L

LT =

T. 4:25h 1.2:30h

CTOTT) _CYO-IRL*1

h

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)
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.tt

ANSWER - TEST FRAME 18

L
T

= 85h

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO TEST FRAME 23.
OTHERWISE, GO BACK TO FRAME 8 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 18 AGAIN.
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19. Solving for total inductance in parallel requires the same
formulas as resistance in parallel.

Examples:..

A (2 branch)

B (3 branch or more)

Solve for L
T

in this two-branch parallel circuit.

L =
T LI + L2

LI x L2

LT=

1

(6h)
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20. What is the total inductance of the circuit below?

LT

---112mh)

21. You will notice; that total inductance of a parallel network will

always be less tharlthe smallest inductor.

Total inductance in the circuit below will be:

a. greater than the value of L3

b. between the values of LI and L2 LIPMDh

c. less than the value of LI
d. the values of LI + L2 + L3

T

(c) less than the value of LI

22. In a three-branch circuit, LT is than the smallest

Inductor.

(smaller)
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23. In the circuit below, LT is equal to:

a. 17.98ph.

b. 5ph.

c. 9.50ph.

d. 55ph.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 23

b. 5uh

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO TEST FRAME 34.

OTHERWISE, GO BACK TO FRAME 19 AND TAKE THE PROGRAMMED SEQUENCE

BEFORE TAKING TEST FRAME 23 AGAIN.

24. In the circuit shown below, when the switch is closed, current
does not build up immediately because the counter EMF in the

conductor the applied voltage.

(aids/opposes)

(opposes)
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25. The polarity of the counter EMF in the conductor in the figure
in frame 24 is such that it opposes the applied voltage when
the circuit is energized.

Label the polarity of the counter EMF which is induced in the
expanded conductor when the switch is closed. 41,

---() CONDUCTOR )

26. The property of inductance affects DC circuits only at the time
they are turned on or off. However, AC circuits are always
affected by the property of inductance because current in an
AC circuit is always

changing
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27. The amount of induced voltage in an AC circuit can be increased

by increasing the length of the conductor that is affected by the

changing magnetic field.

Which diagram below shows the greatest length of conductor

in a given area?

a.

b.

c.

0 3

(c)

28. By winding a conductor into a coil, the amount of voltage

induced is greater than it would have been if the conductor

were a straight piece of wire.

MAGNETIC FIELD

CURRENT
A coil concentrates the magnetic field about it; therefore,

a greater is induced in the coil.

voltage
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29. A coil of wire that is wound so that it has a specific amount
of inductance is called an inductor. You may also see it
referred to as a choke or simply a coil. A coil of wire that
has a specific amount of inductance is called an

(inductor)

30. Inductors are usually rated in henrys, millihenrys, or micro-
henrys.

A choke is normally rated in units of
or

millihenrys; microhenrys)

31. Since inductance is a physical factor (built in), the
factors that affect inductance must be
factors.

(physical)
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32. The amount of inductance of a coil is dependent upon four

factors:

1) the number of turns of the coil
2) the cross-sectional area of the core
3) the permeability of the core material
4) the length of the core material
5) the spacing between coil turns

Now, think about this for a moment: Considering the things

you know about inductance, and the factors you see listed a.Jove,

indicate which factors have a directly proportional relation-
ship with inductance and which an inversely proportional

relationship.

Directly Proportional: Inversely Proportional:

(Directly Proportional: Inversely Proportional:

1) number of turns of the coil 1) the length of the core

2) the cross-sectional area of material

the core 2) the spacing between coil

3) the permeability of the core turns

material)
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33. You may have recognized these factors as the same factors that
affect flux density that you learned earlier. If you did, then
the last frame was easy for you. You simply realized that flux
density is increased by an increase in:

1) the number of turns of the coil
2) the cross-sectional area of the core
3) the permeability of the core material,

and will be decreased by an increase in

4) the length of the core material (more reluctance)
5) the spacing between coil turns.

You will recall there were six factors affecting flux density,
but we see only five affecting inductance.

What factor affects flux density that does not affect inductance

(amount of current)

34. List the five factors that determine the inductance of a coil.

1.

2.

3.

4.

5.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 34

1. number of turns of the coil

2. cross-sectional area of the core

3. permeability of core material

4. length of core

5. the spacing between coil turns

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 37.

OTHERWISE, GO BACK TO FRAME 24 AND TAKE THE PROGRAMMED SEQUENCE

BEFORE TAKING TEST FRAME 34 AGAIN.

35. The amount of current does not affect the ability (inductance)

of a coil to induce a voltage. It does, however, have an effect

on induction, which is the action of inducing a voltage.

Since current is movement, we can say that

is required in order to have induction.

(motion)

36. We discovered earlier that the current must be changing in

value to have the relative motion necessary to induce a

voltage.

Let us think of what induction is!

Induction is the of inducing a voltage.

(action)
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37. In your own words, state the difference between inductance
and induction.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWER - TEST FRAME 37

Inductance is a physical property and is a measure
of the ability of a circuit or component to induce
a voltage, while induction is the action of in-
ducing that voltage. Inductance does not require

current flow, whereas induction does. (or words

to that affect)

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO TEST FRAME 47.
OTHERWISE, GO BACK TO FRAME 35 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 37 AGAIN.

38. Name the six factors which affect induction.

1.

2.

3.

4.

5.

6.

(1. the number of turns in the coil; 2. the cross-sectional

area of the core; 3. the permeability of the core material;

4. the length of the core; 5. the rate of change in current

flow; 6. spacing between coil turns)

This should have been pretty easy even though the factors had not

been listed for you as such. The same factors that affect the

ability (inductance) must also affect the action (induction). The

amount of change of current flow is the one added factor.
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(a)

42. IF NOT, GO TO FRAME 41.
IF YOU ANSWERED THIS CORRECTLY AND UNDERSTOOD THE REASON, GO TO FRAME

108
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39. A circuit induces voltage into itself when the current changes.
When two or more circuits or components (coils) are close
to each other, changing current in one circuit can induce voltage
in another circuit. This is called mutual inductance. The
mutual inductance between circuits is measured in henrys. When
a change of 1 ampere per second in 1 circuit induces a voltage of
1 volt in another circuit, where is a mutual inductance of 1 henry.
The symbol for mutual inductance is M.

Voltage induced in a conductor because of a changing magnetic
field around another conductor is induced because of

(mutual inductance),

40. When two coils are physically positioned so that lines of
flux of one can cut the turns of the second coil in such
a manner as to induce a voltage, they exhibit mutual in-
ductance.

Which of the below pairs of coils exhibit mutual inductance?

a. b.
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41. Let us take a look at those pairs of coils again.

These two coils are positioned
in such a manner that the lines
of flux from one can cut the turns
of the other, and in so cutting,
produce a voltage. It is

possible that they be placed
far enough apart so that none of
the lines of flux cut the
other, but this is not apparent here.

These coils, on the other hand, are
positioned so that the lines of
flux of one may cut the turns of
the other, but not in such a manner
as to induce a voltage. There is
a cancelling effect and thus no
mutual inductance.

(Go to next frame.)

42. The amount of mutual inductance is dependent upon the amount
of inductance of the coils and the proximity (how close they

are) of the coils. In other words, the closer the coils, the

more

(mutual indictance)
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43. Spacing the coils closer causes more lines of flux from one
coil to cut the other coil. The percentage of lines of flux
of one coil that actually cut the other coil is called the
coefficient of coupling. A coefficient of coupling of, 1 means
that 100% of the lines of flux of one coil cut all the turns
of the other coil.

_A. B.

Assuming the coils are identical in each case, which pair has
the greatest mutual inductance?

(A)

44. M is the symbol for

(mutual inductance)

45. Mutual inductance is the ability of a changing magnetic field
in one conductor to induce a in another
conductor.

(voltage)

46. The symbol for mutual inductance is

(M)
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47. What two factors affect the mutual Inductance of two coils?

1.

2.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 47

1. the inductance of each coil

2. the coefficient of coupling

IF YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 50.
OTHERWISE, GO BACK TO FRAME 38 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 47 AGAIN.

48. Now, let us look at a circuit that has mutual inductance.
Shown below are two circuits with part of the conductor of
each expanded for a better look. The expanded sections are
marked A and B. Wire A is connected to a battery through a
switch TS1). Wire B is near wire A, but is not connected to
any voltage source. An ammeter is Installed in series with
wire B. The ammeter will indicate any current flow in wire B.

0 A

SI

At the moment the switch (SI) is closed, current starts to flow
in wire A. Lines of force expand around wire A, and as they
expand, cut wire B as shown on the next page. A voltage is
induced in wire B. The polarity of the induced voltage in
wire B can be determined by using the left-hand rule for
generators. The current in wire B P.; opposite in direction
to the current in wire A.

(Continued on next page)
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48. (con't.)

op -pi -P. -IN-

tINDUCED CURRE T

APPLIED

CURRENT

BEST COPY AVAILABLE

/INDUCED INDUCED
EMF EMF IN.

DIRECTION

--* A) OF FIELD
CUTTING "8"

Eight-IV

/\ EXPANDING
MAGNETIC

1 FIELD

MOTION Orli"
IN EXPANDING

FIELD

Considering the relationship between inductance and induction,

what would you call this action of inducing a voltage into an

isolated circuit or component?

(mutual induction)

113



P.I. Eight-IV

49.

o
-4) A

1. When SI is closed, the expanding magnetic field around wire
A will induce a voltage in wire B.

2. The induced voltage in wire B will cause current (induced
current) to flow through the ammeter (A) .

3. The left-hand rule for generators can be used to find the
polarity of induced voltage in wire B.

4. The induced voltage acts as a source for current in circuit B.

Indicate the direction of current flow through the expanded con-
ductors A and B, and show polarities of induced EMF in both and
direction of the magnetic field around conductor A.
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50. In your own words describe the difference between mutual in-
ductance and mutual induction.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWER - TEST FRAME 50

Mutual inductance is the ability of a circuit or
component to induce a voltage into another iso-
lated circuit or component; mutual induction is
the action of one circuit or component inducing
a voltage into another circuit or component.
Mutual inductance does not require current
flow; mutual Induction does. (or words to that
effect)

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO TEST FRAME 51.
OTHERWISE, GO BACK TO FRAME 48 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 50 AGAIN.

51. Answer these items.

a. Inductance is the of a circuit that
any change in

b. The symbol for inductance is . The unit
of inductance is whose symbol is

c. The property of a circuit that opposes any change in current
in that circuit is called

d. Label the polarity of the CEMF in the expanded conductor
in the schematic below at the instant the switch is closed.

-I It
e. List five factors that determine the inductance of a coil.

(any order)

1.

2.

3.

4.

5.

(CONTINUED NEXT PAGE)
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51. (Continued)

f. The symbol for mutual inductance is

g. A changing magnetic field around a coil is caused by a

changing through the coin,

h. The changing magnetic field around a coil will induce a
voltage into a nearby coil because the coils have

i. The factors that determine the mutual inductance between

two coils are and

j. On the drawing shown, label the polarity of the induced
voltage in expanded conductor B and draw an arrow indi-

cating current flow through the meter in circuit B when
the switch in circuit A is closed.

B

B

k. Solve for L
T

in the circuit below. (Assume no mutual inductance.)

14250h

N,1

LT=

LOA Linh

J

(CONTINUED NEXT PAGE)
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51 (Continued)

1. Solve for LT.

Eight-IV

LT =

14:601.1h

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 51

a. property; opposes; current

b. L; henry; h

c. inductance _

d.

e. 1) the number of turns in the coil
2) the cross-sectional area of the core
3) the permeability of the core material
4) the length of the core
5) spacing between coil turns

f. M

g. current
h. mutual inductance
i. the inductance of each coil,

the coefficient of coupling

J

k. L
T
= 440h

1. L
T
= 12ph

A

IF YOUR ANSWERS ARE INCORRECT, TAKE THE PROGRAMMED SEQUENCE AGAIN.

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR

YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE

PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, YOU HAVE

MASTERED THE MATERIAL AND ARE READY TO TAKE THE MODULE TEST. SEE

YOUR LEARNING SUPERVISOR.

IF Y-#A DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU

MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU

WISH UNTIL YOU HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS COR-

RECTLY. THEN SEE YOUR LEARNING SUPERVISOR AND ASK TO TAKE THE MODULE

TEST.
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ability to oppose a change in current flow even though no current is

and the abbreviation for henry is h.

We then use millihenry (r J and microhenry (ph) as applicable.

at the rate of 1 ampere per second. The symbol of inductance is L,

Thus if a coil has an inductance of 1 henry: L = lh. We frequently

Summary

We will now name and attach units to the concepts of induction
already studied. We first note that a conductor (or coil) has the

having a certain resistance value though it may be carrying no
current.) The phys!cal ability to oppose a change in current flow is

deal with components whose inductance values are much less than lh.

flowing in the conductor or coil. (This is analagous to a resistor

called inductance. The unit of measure for inductance is the henry.

Solving for L

By definition, zi conductor or coil is said to have 1 henry of inductance
if 1 volt is induced in the conductor or coil when the current changes

of a circuit, our basic principles lead to the same combining

The factors that affect inductance are:

Since inductors are compo, lnts, they may be connected either in
series or parallel arrangement. To solve for total inductance

rules as for resistors, namely:

2) Inductance in parallel is given by:

1) Induc-ance is additive in series.

where L
i

is the inductance of any one inductor.

or for two inductors

or for n equal inductors

Inductance and Induction

LESSON IV
SUMMARY

1 1

LT
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LT =L1 + L2

LI L2 L
n

LI x L2,

L
I,

1

Eight-IV



Summary

Direct

Inverse

Eight-IV

(1) The number of turns of the coil
(2) The cross-sectional area of the core
(3) The permeability of the core

(4) The length of the core

While inductance is a physical property, induction is the action

of inducing a voltage within a conductor 677,ri Note that

inductance requires no current, out induction does.

The factors affecting induction are the above four, plus a fifth,

the rate of change of currentflow.

Mutual Inductance

Mutual inductance describes the case in which two coils are physically

positioned so :hat the lines of flux of one can cut the turns of

the second. For example, if the configuration shown below exists,

we have the property of mutual inductance, M. It is also measured

in henrys but now an EMF is induced into two or more circuits or

components.

The amount of mutual inductance of two coils is affected by their

proximity (how close they are). This determines what percentage

of the flux lines of one coil cut the turns of the other coil, and

this percentage is called the coefficient of coupling. The greater

'the coefficient of coupling, the greater the amount of mutual in-

ductance. The maximum coefficient of coupling is 1, which means

that all the lines of flux of one coil cut all the turns of the

other coil.

A

11 E
B

Assuming the coils are identical in each case, which pair

has the greatest mutual inductance?
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Pair A. They are closer together thus having a greater coefficient
of coupling.

Mutual Induction

Recall that induction is the action of inducing a voltage. Then
mutual induction lust also be action. And it is; it is the action
7-17-iilin777Tenergy from onieTWEirically isolated circuit to
another.

Mutual induction, like induction, is dependent upon the existance
of a changing current flow. Without the change, there is no in-
duced voltage and no energy transfer.

Mutual induction is the action which takes place in transformers,
which you will study in Module Ten.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS
CORRECTLY, YOU HAVE MASTERED THE MATERIAL AND ARE READY TO TAKE THE
MODULE TEST. SEE YOUR LEARNING SUPERVISOR.

IF YOU DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU
MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH
UNTIL YOU HAVE ANSWERED ALL THE PROGRESS CHECK QUESTIONS CORRECTLY.
THEN SEE YOUR LEARNING SUPERVISOR AND ASK TO TAKE THE MODULE TEST.
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